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1NTKODUCT ION 

One of the major difficulties in the calculation of the kinetics of coal pyroly- 
sis under conditions of rapid heating is the determination of the temperaLure histJry 
O C  clic coal during the pyrolysis event. The temperature at which the pyrolysis oc- 
curs when a particle of coal is injected into a hot environment is dependent on the 
rate of heat transfer to the particle surface and the rate at which heat is trans- 
ported through the particle. This latter transfer is further complicated by the 
l i e a ~  adsorbed o r  released by the pyrolysis reaction as well as phase changes that 
can occur within the particle. One method of obtaining data on the thermal response 
of cu;il under rapid heating conditions is to measure the variation in gas temperature 
wlieii particles a r e  injected into a hot gas environment where gas convcction will 
play i t  signiiicant r o l e  in the heat LrilnsCcr process. By measuring Local gas tcmp- 
eracure in Lhe vicinity of a particle injected into a hot environment the time of 
the hentina-pyrolysis period can be  measured and an estimate can be made of  the rela- 
Live contributions of gas convection and radiation to the process. 

EXPERIMENTAL 

Figure 1 iliustrates the design of the captive particle isothermal flow reactor 
uscd in LIBis iiivcsLip,iiLioii. Single or muILiplc particlcs of coal o r  char :ire placed  
C ~ L I  ti solenoid controlled platform. A rapid withdrawal of the platform allows the 
p:~r~icle(s) LO 1a11 into a preheated reaction environment. The time of entry into 
 lie rc:ic~ion zone is deLected by the perturbation of a light beam located at the 
~ , n ~ r . i i i c c  c)i ~lte re:icLion ZOIIC. I’rclica~cd Ilc wiis used as Lhc y;iscous pyrolysis en- 
v i r c u i m u i L .  To d c t e c ~  Lciiipernture Lransients induced by sample injection i) 0. 13 mm 
c r o s s  sccLioti chromel-alumel thermocouple WAS placed in the reactor in such a manner 
L ~ I ~ I L  L I W  s;iniples after injection would be extremely close to the thermocouple tip. 
The clicrmocouple output was amplified and the resulting signal was digitized with 
ii  coinputcr controlled 12-bit analog to digital converter. The converter had an ac- 
quisitioii time of 20 p s  the sampling period used in this study was 1 ms. The coal 
used was I’COC-640 a HVA bituminous coal, its analysis is given in Table 1. 
coal particles in sized ranges of 80-220 um in diameter and single particles of ap- 
proximately 2 mm in diameter were used. 

Multiple 

RESULTS AND DISCUSSION 

Figure 2 shows the gas temperature in the vicinity of an injected 4.8 mg, 2 mm 

The second plot was obtained by reinjecting the 2.5 mg char par- 
coal particle vs time. 
wiis quiescent He. 
Liclc resulting from the pyrolysis of the coal particle. 
coolcd on particle injection then Is slowly reheated as Lhe sample ;~nd the gas 
surrouiiding LIIC sample approach the reactor temperature. The differences in Lhe 
cxtciiL o i  the temperaLure pcrturbacion between the coal and char are due to tile 
change in mass resulting trom the loss of VM from the coal and the endothermicity 
of the pyrolysis process. By slightly changing the position of the thermocouple 
f o r  different runs, it was observed that the cooling effect was a localized phe- 
iiomenon. taking place only in the very close neighborhood of the sample. 
dictiLcd chat the bulk temperature of the gas remained constant during the 1,yrolysis- 
IicaLinji period. 

The reactor temperature was 1072 K and the gas environment 

The thermocouple is rapidly 

This in- 

77 



TABLE i 

CHEMICAL OATA FOR HIGH VOLATiLE A BITUMINOUS PSOC 640 

Ana lyses ,  Weight % 

Ash 
VolaL i l c  Mat t e r  
Fixed Carbon 

Ash 
Carbon 
Hydrogen 
Nitrogen 
SUI p h u r  
Oxygen ( d i f  f )  

PROXIMATE ANALYSIS 
%Y 

8 . 1  
37.3 
54.6 

ULTIMATE ANALYSIS 
8.1 

74.7 
5.2 
1 . 3  
2 . 8  
7.9 

DMMF ( P a r r )  

39.6 
60.4 

83.3 
5.8 
1 . 4  

9.5 
- 

Energy c r i in s l c r  Crom a ho t  environment  t o  a p a r t i c l e  is  by bo th  gaseous convec- 
t i on  and thermal  r a d i a t i o n .  The magnitude of t h e  r a d i a t i v e  t r a n s f e r  can be r e a d i l y  
c s t i m a t e d .  The maximum r a t e  of r a d i a n t  energy d e l i v e r e d  t o  t h e  p a r t i c l e  by i t s  su r -  
roundings i s  e q u i v a l e n t  to the ene rgy  r a d i a t e d  by t h e  p a r t i c l e  a t  t h e  t empera tu re  
01 its su r round ings .  

P = ocAT4 (1) 

1’ = maximuni r;idiiiLivc power. W 
u = Stephan-UolLzman c o n s t a n t ,  5.67 x lo-’ W/m2-K 
L = e m i s s i v i t y  of  p a r l i c l e ,  0 .7  
A = area o l  parLic lc ,  1.36 x 
‘1 = r e a c t o r  CcmpcraLure. LO72 K 

m2 

I n  t h i s  cilsc P = 0 . 7 1  w a t t s .  

The amount oC energy r e q u i r e d  t o  h e a t  a p a r t i c l e  of c o a l  t o  t h e  t empera tu re  
o f  i t s  cnvironment when t h a t  t e m p e r a t u r e  is s u f f i c i e n t l y  h igh  t o  a l l o w  t h e  p y r o l y s i s  
t o  go  t o  complet ion i n  ii ineasurable  time would be: 

q - MpCpAT + M AH 
P 

where Mp is t h e  mass of t h e  p a r t i c l e ,  Cp is i t s  h e a t  c a p a c i t y .  AT t h e  i n i t i a l  p a r t i c l e -  
environment tcmper:iturc d i f f e r e n c e  and A H  is t h e  h e a t  of p y r o l y s i s .  I f ,  Cor example, 
t h e  2 mm p a r t i c l e  01 the p r e v i o u s  c a l c u l a t i o n  was t aken  and t h e  fo l lowing  c h a r a c t e r i s -  
t ics assumed, 

= .0048 g 

A f i  = 700 J j g  
I? = 1.6 J/g-K 

t h e  energy r equ i r ed  t o  hea t  t h e  p a r t i c l e  f rom 300 K t o  1072 K would be 9.29 J. I f  
t h i s  p a r c i c l e  was t o  b e  hea ted  by r a d i a t i o n  a l o n e  t h e  h e a t i n g  t i m e  would be g r e a t l y  
i n  e x c e s s  of t h a t  measured e x p e r i m e n t a l l y .  For t h e  s i n g l e  p a r t i c l e  expe r imen t s  t h e  
s m a l l  con tac t  a r e a  of a s p h e r i c a l  p a r t i c l e  c o n t a c t i n g  t h e  s i l i c a  s u r f a c e  of t h e  re- 
a c t o r  would tend Lo minimizc t h e  c o n l r i b u t i o n  01 s o l i d - s o l i d  h e a t  conduc t ion .  Con- 
s e q u e n t l y  the major rcason lor t h e  s l i o r L c n i n ~  of t h e  p y r o l y s l s  p e r i o d  i r u m  that c a l -  
c u l a t u d  by r a d i a t i v e  t cansCer  a l o n e  is hea t  L rans fe r  v i a  gas conduc t ion .  

I 

/ 

I 
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A mfire e x a c t i n g  c a l c u l a t i o n  c a n  b e  made by making a n  energy b a l a n c e  f o r  t h e  
p a r t i c l e  Laking i n t o  account  c o n v e c t i o n ,  r a d i a t i o n ,  h e a t  c a p a c i t y  and t h e  h e a t  of 
p y r o l y s i s .  

hA (T -T ) + o A  c (T 4-Tp4) + RHp = MpCpdTp/dt 
P g P  P P  

(3) 

The va lues  used t o  model t h e  2 mm c o a l  and c h a r  p a r t i c l e s  i n  F i g u r e  2 a r e :  

11 9 1 a r e a  of  p a r t i c l e ,  1.36 xlOw5 m2 
g a s  tempera ture ,  1072 K ~ p 6  = p a r t i c l e  tempera ture .  K 

c = p a r t i c l e  e m i s s i v i t y ,  .7  ;fe = w a l l  tempera ture ,  1072 K 
= p y r o l y s i s  r a t e ,  g / s  

H = h e a t  of  p y r o l y s i s  of c o a l ,  700 J / g  
M F  = mass of p a r t i c l e ,  c o a l  .0048 g, c h a r  .0025 g 
Cp = p a r t i c l e  h e a t  c a p a c i t y ,  J/g-K. 

= lieat Lr:ii iscer c u c r r i c i c n i .  w/!~?-K 

The h e a t  c a p a c i t i e s  of  c o a l  and c h a r  a s  a f u n c t i o n  of t e m p e r a t u r e  were o b t a i n e d  us- 
i n g  t h e  f o l l o w i n g  e q u a t i o n :  

Cp(T) = a + bT + cT2 + dT3 + eT4 (4 1 

Coal 
a - 0.685 
b 9.235 x 
c - L.262 x 10-2 
d 7.865 x 10-3 
e - 1.85  x 

Char 
a 2.673 
b 2.617 x 
c 1.169 x 

The da t a  used Cur f i t t i n g  the  e q u a t i o n  f o r  c o a l  was e x t r a p o l a t e d  from t h a t  g iven  
by Merrick ( 1 ) .  
c h a r .  The r a t e  of p y r o l y s i s  was assumed t o  b e  a f i r s t  o r d e r  r e a c t i o n  w i t h  a pre-  
e x p o n e n t i a l  of 

'The h e a t  c a p a c i t y  of g r a p h i t e  (2)  was used t o  approximate  t h a t  of 

and a n  a c t i v a t i o n  energy of 83 .6  kJ/gmole.  

This  model was a b l e  t o  f i t  t h e  tempera ture  p r o f i l e  of a s i n g l e  c o a l  p a r t i c l e  
and when s e t t i n g  t h e  r e a c t i o n  term t o  z e r o  t h e  p r o f i l e  of t h e  r e i n j e c t e d  c h a r  par -  
t i c l e .  F igure  3 s l iows  L h e  e x p e r i m e n t a l  thermocouple r e s p o n s e  f o r  t h e  i n j e c t i o n  or 
a 2 nun diameler  c h a r  p a r t i c l e ,  c u r v e  a .  a l o n g  w i t h  t h e  c a l c u l a t e d  p a r t i c l e  s u r f a c e  
CempcraLure p r o f i l e ,  curve  c. During t h e  tempera ture  p e r t u r b a t i o n  exper iments ,  t h e  
t l iermocouplc w i i s  not measuring the tempera ture  or t h e  p a r t i c l e  s u r f a c e  but  r a t h e r  
ii CcmperaLurc in te rmcdiaLc  bcLwcen t h a t  and Lhe t e m p e r a t u r e  of t h e  b u l k  gas, 

where n and m > 1. T h i s  e q u a t i o n  r e p r e s e n t s  a weighted  a v e r a g e  between t h e  b u l k  
g a s  and t h e  p a r t i c l e  s u r f a c e  tempera ture .  These v a l u e s  were  a d j u s t e d  t o  f i t  t h e  
e x p e r i m e n t a l l y  measured tempera ture ,  c u r v e  b.  
c a l c u l a t e d  p a r t i c l e  tempera ture  h i s t o r y  b u t  o n l y  a d j u s t s  t h e  c a l c u l a t i o n  t o  g i v e  
t h e  g a s  tempera ture  a t  a g iven  d i s t a n c e  from t h e  p a r t i c l e  s u r f a c e .  A similar c a l c u -  
l a t i o n  was used t o  model t h e  d a t a  o b t a i n e d  from t h e  i n j e c t i o n  of a 2 mm p a r t i c l e  
of c o a l ,  i n  t h i s  c a s e  t h e  term a c c o u n t i n g  f o r  t h e  h e a t  o f  p y r o l y s i s  is i n c l u d e d  i n  
t h e  model. 
Other  than  t h e  Eront edge of t h e  e x p e r i m e n t a l  t e m p e r a t u r e  c u r v e s  good agreement is  
found between t h e  niudcl and Lhe experlmeiltal  d a t a  f o r  b o t h  c o a l  and c h a r .  The 

T h i s  c o r r e c t i o n  does  n o t  change t h e  

F i g u r e  4 shows t h e  exper imenta l  d a t a  a l o n g  w i t h  t h e  a d j u s t e d  model d a t a .  
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d i r l e r e n c e  on t h e  r r o n t  edge  i s  a consequence of t h e  thermocouple b e i n g  a t  r e a c t o r  
tempera ture  p r i o r  t o  p a r t i c l e  i n j e c t i o n .  In F t e u r e  4 a n  i n f l e c t i o n  poinL can  be  n 
s e e n  a t  t h e  o n s e t  of r a p i d  p y r o l y s i s  f o r  bo th  t h e  e x p e r i m e n t a l  and c a l c u l a t e d  d a t a .  

The h e a t  t r a n s f e r  c o e f f i c i e n t ,  h which was used a s  t h e  main a d j u s t a b l e  parame- 
Using t h i s  v a l u e  t h e  maximum t e r  in t h e  model, gave t h e  b e s t  f i t  v a l u e ,  123  W/m2-s. 

c o n v e c t i v e  h e a t  f l u x  would b e ,  

q = hAAT = 1.28 W (6) 

t h i s  v a l u e  is  g r e a t e r  t h a n  t h e  maximum r a d i a t i v e  h e a t  f l u x  c a l c u l a t e d  i n  e q u a t i o n  
( l ) ,  0 .71  W. Under t h e s e  c i r c u m s t a n c e s  c o n v e c t i v e  h e a t  t r a n s p o r t  i s  p l a y i n g  a domi- 
n a n t  r o l e .  

Although many a s s u m p t i o n s  on v a l u e s  have  t o  b e  made i n  t h e  model, t h e  v a l u e s  
used  i n  t h e  c a l c u l a t i o n  and t h e  v a l u e s  o b t a i n e d  from t h e  model do n o t  appear  unrea l -  
i s t i c .  However, t h e  e x p e r i m e n t a l  measurement of  s i g n i f i c a n t  tempera ture  d e p r e s s i o n s  
i n  t h e  v i c i n i t y  o f  t h e  i n j e c t e d  p a r t i c l e  is  s t r o n g l y  i n d i c a t i v e  of  t h e  major r o l e  
p layed  by g a s  thermal  t r a n s p o r t .  

When groups  o f  small s i z e d  p a r t i c l e s  (80-500 pm) were i n t r o d u c e d  i n t o  t h e  reac-  
~ u r ,  i L  was found t h a t  t h e  h e a t i n g  t i m e s  a s  measured by t h e  thermocouple p e r t u r b a -  
t i o n  were only  s l i g h t l y  s h o r t e r  than  t h a t  of  a s i n g l e  p a r t i c l e  of e q u i v a l e n t  mass. 
l i  resisLancc t u  h c a t  t r a n s f e r  o c c u r s  i n  t h e  g a s  phase s u r r o u n d i n g  t h e  p a r t i c l e ,  

:I L C . I I I ~ C C I L U ~ U  g r a d i e n t  would be  expec ted  to b e  found e x t e n d i n g  some f i n i t e  d i s t a n c e  
[cum t h e  p a r t i c l e  s u r f a c e  t o  t h e  b u l k  g a s  phase.  I f  t h e  p a r t i c l e  d e n s i t y  is s u c h  
t h a t  t l ie d i s t a n c e  between p a r t i c l e s  would b e  less than  t h e  t h i c k n e s s  of t h i s  boundary 
I a y c r  t h e i r  i i i ccr  p a r t i c l e  i n t e r a c t i o n  W i l l  r e s u l t  i n  l o n g e r  h e a t i n g  t imes .  

Thc modeling of t h e  p y r o l y s i s  o f  c o a l  under c o n d i t i o n s  o f  r a p i d  h e a t i n g  r e l i e s  
on tlie knuwlcdgc of t h e  tempera ture  h i s t o r y  o f  t h e  c o a l  d u r i n g  t h e  p y r o l y s i s  p r o c e s s .  
I:runl ~ h c l  r e s u l t s  U T  t h i s  i n v e s t i g a t i o n  i t  c a n  be  seen t h a t  a s i g n i f i c n n t  porLion 
01. Lllc p y r o l y s i s  < I C  il p a r l i c k  w i l l  o c c u r  i l L  3 Leniperature c o n s i d e r a b l y  lower Llliul 
t h e  r c i i c m r  tempera ture .  ‘l’he ass ignment  of t h e  p y r o l y s i s  tempera ture  is f u r t h e r  
compl ica ted  by i n t r a  p a r t i c l e  tempera ture  g r a d i e n t s .  With t h e  d a t a  c u r r e n t l y  a v a i l -  
a b l e  on h e a t  c a p a c i t y ,  thermal  c o n d u c t i v i t y  and h e a t  of p y r o l y s i s  of c o a l ,  t h e  temp- 
e r a t u r e  h i s t o r y  of a r a p i d l y  h e a t e d  c o a l  p a r t i c l e  cannot  be  r e l i a b l y  c a l c u l a t e d  a 
p r i o r i .  I t  is e s s e n t i a l  t h a t  more a c c u r a t e  d a t a  on t h e s e  p r o p e r t i e s  b e  o b t a i n e d .  
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FIGURE 3. Temperacure percurbalion for a single chdr particle. 
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